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Abstract

Feline leukemia virus (FeLV) is one of the primary pathogens in domestic felines, causing significant
immunosuppression, lymphomas, and even death. Various subtypes of this virus have been described, with FeLV-A
being the least pathogenic and the most widely distributed subtype. Conversely, the recombination of FeLV-A with
endogenous retroviral sequences has resulted in variant B, which is associated with the development of leukemias
and lymphomas. FeLV transmission occurs primarily through grooming between individuals, facilitating its distribution
and circulation. The aim of this study was to characterize subtype B and analyze risk factors associated with viral
infection in a sample of felines from Colombia. To achieve this, blood samples were taken from the cephalic or jugular
veins of 151 felines in four municipalities of Antioquia, and data on age, sex, and area of origin were collected. PCR
was performed on a region of the pol gene (306 bp), and only FeLV-positive feline samples underwent a second PCR
for the env gene (1400 bp). Only env-positive PCR products were sequenced, and phylogenetic and recombination
analyses were performed. Logistic regression was used to calculate the odds ratios (OR) for each variable (age, sex,
and area of origin). The overall FeLV positivity rate was 33.77%, with an association found between male sex and
FeLV infection (OR = 2.23, p = 0.038), as well as between the area of origin and FeLV infection (OR = 0.22, p =
0.035). Of the total samples, only 11 (7.3%) amplified for FeLV-B, with seven samples from Buritica and four from
Medellin. The recombination analyses confirmed that all sequences belonged to the FeLV-B subtype and were unique
recombinants. The molecular presence of the virus in the study area demonstrates that the circulation of this retrovirus
remains active. Additionally, the area of origin and male sex are risk factors for FeLV infection. Finally, an increase in
FelLV positivity was observed, and while the B variants are generated de novo in each feline, it is crucial to continue
health monitoring, especially in regions distant from major urban centers.
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Introduction

Feline leukemia virus (FeLV) belongs to the Retroviridae family, Gammaretrovirus genus, and causes one of the most
important retroviral diseases, with high morbidity and mortality in domestic cats (Molina, 2020; Ortega et al., 2020).
This virus is responsible for a major infectious and contagious pathology of significant importance in feline clinical
practice, and veterinary consultation is increasingly common during the progressive phase of the disease (Molina &
Orjuela, 2022). FeLV infection induces immunosuppression in most affected felines, leading to the development of
neoplasms such as lymphomas and leukemia, occasionally osteochondromas, and, more rarely, other malignant
conditions such as neuroblastomas (Avila Pino et al., 2015; Hartmann, 2012). It also causes non-regenerative anemia
due to bone marrow suppression, neurological disorders, and stomatitis (Avila Pino et al., 2015; Guillen Gonzalez &
Castillo Hidalgo, 2023; Hartmann, 2012; Tique et al., 2009).
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FeLV primarily affects B lymphocytes, monocytes, and macrophages. Infected cells inherit the provirus during mitosis,
resulting in lifelong infection. Retroviruses exhibit higher mutation rates than other viruses (2x107° to 4.8x107®
nucleotide substitutions per site) (Mansky & Temin, 1994; Varela-Echavarria et al., 1993). In the case of FelV, six
different subtypes are currently recognized due to its genetic variability: FeLV-A, FeLV-B, FeLV-C, FeLV-D, FelLV-T,
and FelLV-TG35. Subtype A mutations, recombinations, and deletions have given rise to the other subtypes
(Hartmann & Hofmann-Lehmann, 2020). FeLV-A is the least pathogenic; however, its recombination with endogenous
feline retroviral sequences (FeLV-end) generates the FelLV-B variant, which is associated with the development of
leukemias and lymphomas. Although FelLV-B is more pathogenic, it cannot be transmitted between cats (Cano-Ortiz
et al.,, 2022). On the other hand, FeLV-C, FeLV-T, and FeLV-TG35 have arisen from point mutations in FeLV-A
involving deletions, insertions, and substitutions (Chiu et al., 2018).

FelLV is characterized by its high transmission capacity among cats. The main routes of viral spread include contact
with saliva, urine, blood, breast milk, nasal/ocular secretions, and feces from infected animals (Moreno-Garcia et al.,
2022). Additionally, vectors such as the cat flea (Ctenocephalides felis) also play an important role in the horizontal
transmission of FeLV-A (Calle-Restrepo et al., 2013). FeLV infection is associated with the aggregation of animals,
especially in places with high feline density such as municipal shelters (Molina, 2020). Although infection is not
specific to breed, sex, or age, higher infection rates have been observed in adult cats living in groups due to social
behaviors like mutual grooming, in males due to territorial behavior, and in stray cats (Burling et al., 2017; Lagos-
Lépez et al.,, 2018; Tique et al., 2009).

Early detection of FeLV enables effective monitoring and management of the disease. Various diagnostic methods are
available, including antigen detection technigues such as immunochromatography (point-of-care testing, POCT),
enzyme-linked immunosorbent assay (ELISA), and immunofluorescence assay (IFA). Molecular techniques such as
PCR can detect either the proviral DNA (DNAc) or viral RNA (RT-PCR), depending on the replication phase of the
virus. PCR allows characterization of different FeLV subtypes and identification of variants circulating within a specific
territory (Calle-Restrepo et al., 2013; Ortega et al., 2020). Due to its high sensitivity, PCR can also detect the proviral
genome during the early stages of infection (Castro-Quezada & Salgado-Romero, 2021; Vasquez-Delgado & Ramirez-
Salazar, 2015). Feline leukemia has been studied worldwide, with prevalence rates ranging from 3% to 25% (Little et
al., 2020; Sacristan et al., 2021). However, in Colombia, there are few reports on FeLV prevalence, and to date, no
studies have analyzed FelLV recombination (Molina, 2020). Therefore, in this study, we characterized the circulating
FeLV-B subtype and analyzed some risk factors associated with viral infection in a sample of cats from Colombia.

Methodology
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Figure 1. Geographical location of the sampling sites in the department of Antioquia, Colombia. The number of samples collected from each
locality is shown in parentheses: Buritica (47), Santa Rosa de Osos (10), Medellin (68), and ltagtii (26).
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Study population and sampling

Between July 2022 and July 2023, a convenience sampling was conducted involving 151 domestic felines from three
municipalities in the department of Antioquia (Figure 1). The samples were collected during veterinary days organized
by the Uniremington Veterinary Clinic, which provided veterinary personnel for the collection process. All selected
felines were owned cats, and their owners were informed about the procedure and gave their informed consent. Blood
samples were collected using microtainers with EDTA, then homogenized and transported to the laboratory under
refrigeration conditions (-4°C). Figure 1 illustrates the geographical locations of the samples analyzed in this study.

DNA Extraction

Total DNA was extracted using a commercial kit (HigherPurity™ Blood DNA Extraction Kit, Canvax Biotech) following
the manufacturer's instructions. The extracted DNA was resuspended in 30 ul of Elution Buffer and stored at -20°C
until further analysis. DNA quality and quantity were assessed using a NanoDrop™ 2000/2000c spectrophotometer
(Thermo Fisher Scientific), with measurements of the 260/280 ratio.

Molecular analysis of FelLV

A nested PCR was performed to amplify a 306 bp region of the FeLV viral pol gene. In the first reaction, the primers
FelineFW1 (5-AMCCRTTATTRGGRAGAG-3') and FelineRV2 (5'-CAMAGYAGCATGGATRTM-3') were used. For
the second reaction, the primers FelLV-FW5 (5-GAAAGTACACAAAAACAGGAG-3) and FelLV-RV6
(5"-CTTAAGTCCTGCACTGG-3") were used (Arjona et al., 2007). The first reaction was carried out in a final volume
of 30 pl, which included 18.7 pl of H,O, 2.5 ul of buffer, 0.6 ul of dNTPs (10 mM), 3.0 pl of MgCl,, 1.0 pl of each
oligonucleotide (10 uM), 0.2 ul of Taq Polymerase (Horse-Power™ Taq DNA Polymerase, Canvax Biotech), and 112
ng of DNA. For the second reaction, 3 pl of the PCR product from the first reaction was used as the template, with the
remaining conditions unchanged. The reactions were performed using a SimpliAmp thermocycler (Applied
Biosystems™). The reaction conditions were as follows: initial denaturation at 94°C for 5 minutes, followed by 35
cycles of 94°C for 35 seconds, 53°C for 35 seconds, 72°C for 1 minute 20 seconds, and a final extension at 72°C for
7 minutes. In the second reaction, initial denaturation was done at 94 °C for 5 minutes, followed by 25 cycles of 94°C
for 35 seconds, 51°C for 35 seconds, 72°C for 1 minute 20 seconds, and a final extension at 72°C for 7 minutes. As
a negative control, reactions were carried out in the absence of DNA, and as a positive control, DNA from a feline
previously identified as FelLV-positive by ELISA was used. The PCR product from the second reaction was verified on
a 2% agarose gel using a gel documenter (Labnet International, Inc.). FeLV-positive samples were identified by the
presence of a 306 bp PCR product (pol), and some samples also showed amplification of a band smaller than 300 bp,
corresponding to a fragment of the FeLV-end pol gene (Arjona, 2006).

Molecular analysis of FeLV-B

Only feline samples that tested positive for the pol gene underwent endpoint PCR to determine the presence of
subtype B (FelLV-B). A 1400 bp region of the env gene was amplified using the primers FelV-PRB1
(5'-CTGTTCACTCCTCGACAACG-3') and FeLV-3R (5-CATGGTYGGTCYGGATCGTATTG-3') specific for FeLV-B
(Watanabe et al., 2013). The reaction mixture contained 1 pl of each primer, 18.7 pl of ultrapure H,0, 2.5 pl of buffer,
3.0 pl of MgCl,, 0.6 pl of dNTPs (10 mM), 0.2 pl of Taq Polymerase (Horse-Power™ Tag DNA Polymerase, Canvax
Biotech), and 3.0 yl of DNA (90 ng of total DNA) for a final volume of 30 pl. The reactions were carried out in a
SimpliAmp thermocycler (Applied Biosystems™) with the following conditions: initial denaturation at 94°C for 5
minutes, followed by 40 cycles of 94°C for 35 seconds, 58°C for 35 seconds, 72°C for 2 minutes, and a final
extension at 72°C for 7 minutes. As a negative control, reactions were carried out in the absence of DNA. To increase
the likelihood of successful amplification, a DNA mix from five felines previously identified as FeLV-positive by the pol
gene was used as a positive control. The PCR products were verified on a 2% agarose gel using a gel documenter
(Labnet International, Inc.). Positive PCR products targeting the env gene were then sequenced and purified by a
commercial company (Macrogen Inc., Korea).

Statistical analysis

The data collected (age, sex, area of origin) for each feline were entered into a database (Excel). Qualitative
characteristics were analyzed using descriptive statistics, including absolute and relative frequencies with 95%
confidence intervals. Quantitative data were analyzed using an Odds Ratio (OR) derived from a 2x2 contingency
table, with significance accepted at p<0.05. An OR<1 with p<0.05 was considered a protective factor for FeLV
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infection, while an OR>1 with p<0.05 was considered a risk factor for FeLV infection. Statistical analyses were
performed using Epi Info v7.2 CDC software.

Phylogenetic analysis

The env gene sequences in this study were aligned with previously reported FelLV-A, FelLV-B, and FelLV-end
sequences to confirm the grouping. The MUSCLE algorithm was employed in MEGA v11 software, and the best
substitution model was determined to be Hasegawa-Kishino-Yano (HKY+G). Phylogenetic analysis was performed
using the Maximum Likelihood (ML) method with 1000 Bootstrap replicates, considering values higher than 75% as
significant. The phylogenetic tree was visualized in MEGA v11. A second phylogenetic tree of the FeLV-B sequences
was constructed in MEGA v11, and analysis was conducted using the Maximum Likelihood method with the Tamura
3-parameter model. The env gene sequences obtained were deposited in  GenBank
(https://www.ncbi.nlm.nih.gov/popset/2600999082) with the following accession numbers: OR645462, OR645461,
OR645460, OR645459, OR645458, OR645457, OR645456, OR645455, OR645454, OR645453, and OR645452.

Recombination analysis

Recombination analysis was performed using RDP5 v5.61 software. The methods (RDP, GENECONV, Chimaera,
MaxChi, Bootscan, SiScan, and 3Seq) were applied, and only recombination events with a p-value < 0.05 were
considered as breakpoints. The recombinant sequences identified by RDP5 were further analyzed using SimPlot for
Bootscan analysis. In SimPlot v3.5.1, the F84 distance model was applied within a window of 800 nucleotides, with
increments of 10 nucleotides.

Results

Of the 151 felines sampled, 55.63% were male and 44.37% were female. The overall frequency of FelLV infection,
determined through amplification of the pol gene, was 33.77% (51/151). The frequency of infection by municipality
was as follows: 21.85% (33/68) in Medellin, 9.93% (15/47) in Buritica, 1.98% (3/26) in Itagti, and no positive samples
from Santa Rosa de Osos. The age range of the sampled felines was between 0 and 13 years, with 56.29% being
between 0 and 2 years old and 11.9% being over 5 years old (Table ). Regarding the subtypes identified, only 21.56%
(11/51) of the FeLV-positive samples corresponded to the FeLV-B genotype.

Analysis of the risk and protective factors for FeLV infection shows that only the variable area of origin (ltagli) was a
protective factor against viral infection (p = 0.035), while sex (male) was a risk factor for viral infection (p = 0.038)
(Table ).

Based on the analysis of a fragment of the env gene, which includes a portion of the SU and TM proteins, the 11
sequences from this study (green dots) cluster with the previously reported FelLV-B clade (green clade, Figure 2A).
Recombination points for each of the eleven FeLV-B sequences were identified through Bootscan analysis in Simplot.
A single recombination signal between FeLV-A and FeLV-end fragments was observed in 90% of the samples, while
one sequence (OR645464) exhibited two breakpoints (Figure 3B).

The recombination sites identified in the samples are shown in Figure 3. One of the samples (OR645456) exhibited
two recombination points: a breakpoint at 6639 bp and 7209 bp (corresponding to the glycoprotein on the virus
surface), and another breakpoint at 7636 bp and 7726 bp (associated with the transmembrane protein). This second
breakpoint was found in 90% of the sequences. The different recombination points were validated using the following
methods: RDP (R), GENRCONYV (G), Bootscan (B), MaxChi (M), and Chimaera (C), all with p<0.05.
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Age (years) FelV (-) FelV (+) Total
54 31 85
<2 63.53% 36.47% 100.00%
27.00% 30.39% 56.29%
10 6 16
2.5 62.50% 37.50% 100.00%
5.00% 5.88% 10.5%
10 8 18
>5 55.56% 44.44% 100.00%
5.00% 7.84% 11.9%
26 6 32
No information 81.25% 18.75% 100.00%
13.00% 5.88% 21.11%
100 51 151
Total
66.23% 33.77% 100.00%
Table |. Percentages of FeLV infection by age in domestic felines.
Variable OR 95% C.l Pr > Chisq
Municipality (ItagQi/Buritica) 0.2278 | 0.0572 | 0.9068 | 0.0358
Municipality (Medellin/Buritica) 1.9530 | 0.8598 | 4.4364 | 0.1098
Municipality (Santa Rosa de Osos/Buriticd) | 0.000 | 0.000 | >1.0E12 | 0.9740
Age (>5/<2) 1.3748 | 0.4219 | 4.4797 | 0.5974
Age (2-5/<2) 0.8488 | 0.207 | 2.8737 | 0.7922
Sex (male/female) 2.2380 | 1.0458 | 4.7896 | 0.0380

Table Il. Logistic regression for the variables age, sex and region respect FeLV infection. OR < 1, p < 0.05: Protective factor

for FeLV-A infection; OR < 1, p < 0.05: Risk factor for FeLV-A infection.
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Figure 2. A. Grouping of FeLV-A, FeLV-B, and FeLV-end based on the analysis of a fragment of the env gene. The phylogenetic tree was
constructed using Maximum Likelihood (ML) with 1000 Bootstrap replicates. Pink clade: FeLV-A group. Green clade: FeLV-B group. Green dots:
sequences from this study: OR645462, OR645461, OR645460, OR645459, OR645458, OR645457, OR645456, OR645455, OR645454,
OR645453, OR645452. B. Clustering of FeLV-B sequences from this study. The phylogenetic analysis was performed using the T92 model.
Recombination points for each FeLV-B sequence were generated by Bootscan in Simplot.
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Breakpoint Begin End Begin End

OR645452 v 7588 7726 R,G,B,M,C 1.654%10°%
OR645453 \ 7612 7724 R, B 5.968+*10°
OR645455 7630 7726 R,G,B,M, C 4.210%10"7
OR645454 7630 7726 R,G,B,M,C 6.822*10
OR645458 7561 7716 R,G,B.M,C 6.426%1 0%
OR645461 v 7591 7726 R,G,B, M, C 8.074*10°
OR645460 v 7591 7730 R,G,B, M, C 9.733*10°
OR645462 v 7591 7726 R, G,B,M 5.143%10%
OR645456 v 6639 7209 7636 7726 R, G, B, M, C 3.547%10°%
OR645457 7630 7726 R, B, M 1.630%107%
OR645459 v 7630 7726 R,G,B, M, C 3.714*%10%

Figure 3. Recombination sites identified in FeLV-B sequences. The structure of the viral genome, including the gag, pol, and env genes, is
presented. Recombination points are indicated by arrows. The colors of the arrows correspond to the breakpoints for each sequence. P < 0.05 were
obtained using the following analysis methods: RDP (R), GENRCONYV (G), Bootscan (B), MaxChi (M), and Chimaera (C).

Discussion

In this study, a total molecular frequency of 33.77% was obtained, while in Colombia, reported prevalences for FeLV
have ranged between 18% (Moreno-Garcia et al., 2022) and 30% (Molina, 2020; Molina & Orjuela, 2022) using
immunoassays as diagnostic methods. In other countries, positivity for the virus is close to 5.7% in Argentina and
Ecuador, and 68.1% in some European countries such as Portugal, Hungary, ltaly, and Malta (Galdo-Novo et al.,
2016; Guillen-Gonzalez & Castillo-Hidalgo, 2023; Studer et al., 2019). By municipality, the infection rate ranged from
0% to 21.85%. The city of Medellin had the highest frequency (21.85%), which falls within the previously reported
range of 5.49% to 40% for the Metropolitan Area of the Aburra Valley (Molina-Diaz et al., 2024; Ortega et al., 2020;
Ospina-Giraldo et al., 2018). These infection frequencies may be related to a higher rate of viral dispersion among
felines and the population increase of stray cats (15% annually in 2017 and 2018) (Erbeck et al., 2021). Furthermore,
there are multiple factors related to susceptibility to FeLV infection, such as age (younger cats), sex (intact males)
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(Bande et al., 2012; Gallina et al., 2024), lack of vaccination, outdoor access, clinical iliness (Diesel et al., 2024), area
of origin, and coinfections (FIV and FFV) (Cavalcante et al., 2018).

According to our data, age was not a risk factor for FeLV infection, neither in felines younger than 2 years (p=0.792)
nor in felines older than 2 years (p=0.597). This risk factor was not associated with findings from other previously
conducted studies (Calvo-Gutiérrez & Londofio-Velasquez, 2019; Molina & Orjuela, 2022; Molina-Diaz et al., 2024).
However, it has been shown that age is a risk factor (Kim et al., 2024; Villada-Hernandez & Tabares-Alvarez, 2019),
as young cats are more susceptible to viral infections due to their immature immune system, decreased maternal
antibodies, and especially those young cats (less than one year old) that have not completed their vaccination
schedule (Fusco et al., 2023). Furthermore, FeLV and FIV infections tend to be more common in adult cats than in
young ones (Chhetri et al., 2015). The sex variable (male/female) was a risk factor for FeLV infection (p=0.038), as
previously reported by other authors (Chhetri et al., 2015; Ospina-Giraldo et al., 2018; Villada-Hernandez & Tabares-
Alvarez, 2019). A higher frequency of FelLV infection in males is related to outdoor access that facilitates virus
transmission (Diesel et al., 2024). Additionally, intact and neutered males are more seropositive for other viral
infections (e.g., FIV) than intact females (Chhetri et al., 2015). Intact males tend to be more territorial and aggressive
and often fight with other cats. This behavior increases the risk of skin lesions (due to bites) and therefore exposure to
the virus. On the other hand, entire females experience more stress due to reproductive cycles (increased levels of
estrogen, physical discomfort, energy demand), which can suppress their immune system and make them more
sensitive to infections (Chhetri et al., 2015).

Regarding the area of origin, our study found that the municipality of Itagiii is a protective factor compared to the
municipality of Buritica (p=0.035). This may be because ltagli is part of a metropolitan area, while Buritica is located
in the countryside. Cats sampled in BuriticA had outdoor access, which increases the likelihood of contracting
infections due to interspecific encounters. On the other hand, the socioeconomic status of Buritica pet owners is lower
compared to those in metropolitan areas, which is related to less access to veterinary medical services to diagnose the
disease and guarantee the application of treatments for positive felines (Hartmann et al., 2022; Molina & Orjuela,
2022).

This study reports the circulation of FeLV recombinants in two municipalities of Antioquia, where the presence of
subtype B had not been previously reported (seven sequences were found in Buritica and four sequences in Medellin).
Only one previous study reported FelLV subtypes for Antioquia in the Aburra Valley, where the evaluation of partial
sequences of the pol and env genes and the U3 region of LTR showed that the majority of the samples obtained were
classified as FeLV-A, two samples were positive for both FeLV-A and FeLV-B, and no sample was positive for FeLV-C
(Ortega et al., 2020). Notably, mutations in the SU and LTR regions of the viral genome affect disease outcomes
within FeLV subtypes (Sykes & Hartmann, 2014). For example, in cats infected with FeLV who have lymphoma or
leukemia, 68.8% of the cats with lymphoma were carriers of FeLV-AB, and 31.2% were carriers of FelLV-A.
Conversely, among cats with leukemia, 70% carried FeLV-AB and 30% carried FeLV-A (Biezus et al., 2023). Other
studies have determined that felines with the FeLV-A subtype are typically associated with hematopoietic neoplasms,
while felines with FeLV-B show lymphomas in most cases; in cases where FeLV-C was present, it was associated with
non-regenerative anemia (Sykes & Hartmann, 2014). Since no clinical symptoms were identified in the felines
sampled during the general clinical examination in the current study, it was impossible to make an association
between infection with FeLV-B and the presence of lymphomas or leukemia.

Recombination of endogenous retroviruses and FeLV in infected felines has been shown to contribute to viral evolution
and pathogenesis through multiple recombination sites. Recombination events are frequent and affect virulence,
transmission, and the ability to evade the immune response. Furthermore, recombination events are associated with
changes in the dynamics of infection and disease development (Ngo et al., 2024). The recombination points reported
in our study are mainly located in the TM region near ~7608 bp and ~7728 bp, with only one recombination point
detected in a sample with a breakpoint in the surface protein (~6639 bp). The recombination points in the TM region
have been previously reported by Erbeck et al. (2021) and identified in both FeLV-A and FelLV-end, resulting in the
generation of unique FeLV-B genotypes. This genetic recombination generates considerable diversity among FeLV-B
subtypes, which is clinically relevant due to the association of FeLV-B with more severe disease manifestations,
including a higher incidence of malignancies and immune suppression in infected cats (Erbeck et al., 2021).

Erbeck et al. (2021) determined that more than half of the cats evaluated housed more than one FelLV-B variant,
suggesting multiple recombination events between FeLV-end and FeLV-A. They further concluded that although FelL V-
B variants were predominantly generated de novo within each cat, horizontal transmission was not ruled out
definitively, since nearly all cats had FeLV-B sequences very similar to those studied in other individuals. Data from the
current study shows that, overall, the sequences obtained are unique; therefore, horizontal transmission cannot be
considered. However, it is important to highlight the impact that FeLV could have on wildlife, as FeLV sequences
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(MF681671) identified in a cougar (Puma concolor coryi), characterized as FelLV-Pco, were highly related to
exogenous FelLV-A from domestic cats (Chiu et al., 2019). Genetic analysis of FeLV isolates from the infected cougar
shows diversity, supporting the hypothesis of multiple transmission events and suggesting interspecies transmission
from domestic cats to wildlife.

According to the results of this study, FeLV infection is active in the sampled municipalities of the Department of
Antioquia, presenting unique recombination events between FelLV-A and endogenous feline sequences. Because
FeLV-B presents pathogenic conditions for the animal, it is necessary to strengthen epidemiological monitoring in both
urban and rural areas of the department. On the other hand, it is necessary to expand the study area and incorporate
wildlife data, especially from large- and medium-sized cats in the region, to establish viral dispersion and evolution
patterns.
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